The soft magnetic composite (SMC), which consists of insulated iron particles, has been used for electric machines and devices. The magnetic permeability of SMC is underestimated when it is assumed that SMC is composed of homogeneous particles without magnetic contact. In this paper, SMC is modeled by the discrete element method, considering the inhomogeneity in particle size and contact among particles. It is shown that the measured permeability of SMC can be reproduced by considering these effects. Moreover, the frequency characteristics of SMC are evaluated by the proposed method, and the Ollendorff formula modified with an anomaly factor is introduced.
I. INTRODUCTION
T HE soft magnetic composite (SMC), which is composed of insulated iron particles, has been widely used for electric machines and devices. Because of its fine structure, SMC has advantages in high-frequency applications. For the numerical analysis of the magnetic permeability and iron loss, it has been assumed that SMC is made of insulated iron particles of the same size [1] , [2] . The permeability has also been evaluated by the Ollendorff formula [3] , which implicitly assumes the homogeneous particles without contact. It has been pointed out that the permeability of SMC is underestimated when neglecting the particle inhomogeneity and those contacts [4] . Although the magnetic circuit method can take the magnetic contact among the particles into account [5] , it is still difficult to consider the inhomogeneity in the particle size that makes the magnetic circuit complicated.
In this paper, we propose to use the discrete element method (DEM) [6] to consider both particle inhomogeneity and magnetic contact. In this method, the iron particles with different radii are generated, and the motion of those particles is dynamically analyzed considering mutual mechanical contacts to simulate the formation of SMC. The magnetic permeability of the simulated SMC is computed using the finite-element method (FEM). We will discuss the effect of the inhomogeneity in the particle size and the magnetic contact on the magnetic permeability of SMC using the proposed method. Moreover, the frequency dependence of the magnetic permeability of SMC will also be analyzed using the proposed method. 
II. MODELING METHOD

A. Discrete Element Method
DEM allows us to analyze the dynamical motion of particles considering the mechanical interactions among them [6] . The equations of motion given by
are here solved by DEM for dynamical analysis of particles in a gravitational field, where m, u, g, I, and φ are the mass, displacement, gravitational acceleration, moment of inertia, and rotational displacement, respectively. Moreover, f i j and T i j are the interaction force and rotational moment due to a mechanical contact between the i th and j th particles.
The following procedures are executed in our DEM code. 1) Particles with different radii are placed randomly.
2) Collisions are detected from the following condition:
where r and x denote the particle radius and position vector, respectively. 3) The interaction force among particles is computed. 4) Particle motion is analyzed by solving (1) and (2). 5) Return to step 2) if the number of steps is less than the given number. Otherwise, the procedure is stopped.
B. Modeling of SMC
In this paper, we assume that the system is 2-D for simplicity. The 3-D extension would not be difficult. We generate particles whose radii obey the Gaussian distribution, average 5 μm [4] , standard deviation 1.2 μm, and in the domain 100 μm × 200 μm. The values of the physical parameters are summarized in Table I . The parameters are tuned so that the 0018-9464 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. system converges to the final state within practical computing time because we have interest not in the transient state but in the final state. At the initial stage of the simulation, particles are generated randomly so that they do not overlap each other in the domain, as shown in Fig. 1(a) . Then, the particles and a thin wall with a mass start free falling. They fall into the final positions after sufficiently long time, as shown in Fig. 1(b) . The domain below the wall obtained at the final state is regarded as a model of SMC. Because the final state depends on the initial condition, four additional trials are performed to have the results shown in Fig. 2 . The mechanical contact depends on the particle density, insulation thickness, and spring constant between the particles. It is remarked that the resultant filling rate seldom changes when the number of particles is increased to 160.
III. COMPUTATION OF MACROSCOPIC PERMEABILITY
A. Energy-Based Evaluation
The macroscopic complex permeability is evaluated by FEM based on the A − φ formulation, in which
are solved, where ν, ω, and σ denote the reciprocal of magnetic permeability, angular frequency, and electrical conductivity. The boundary conditions are shown in Fig. 3 . The power in the 2-D SMC domain given bẏ
is computed from the FEM solution of (4) and (5). Introducing the macroscopic complex permeability μ of SMC that is constant over , the power can also be written aṡ
where * denotes the complex conjugate. From (6) and (7), we have
By taking the static limit ω → 0 in (8), we have the macroscopic permeability for static fields [2] 
Note that, the second term in the denominator in (8) vanishes at the static limit because E = − j ω( A + gradφ). Fig. 1 shows the generated SMC model which has the small overlaps among the particles, which are attributed to the numerical errors in DEM. The real SMC particles have a thin insulating layer on the surface of the particle. Since the insulating layer would be partially broken due to heating and pressure molding processes, the SMC particles would have partial magnetic or electrical contacts among the neighbors. This contact is naturally modeled by the overlap resulted from DEM. When increasing the thickness of the insulating layer, the contact effects decrease.
B. Consideration of Insulating Layer
To introduce the insulating layer into the SMC models generated by DEM, the permeability and electrical conductivity in the surface layer of the SMC particle are changed to μ 0 and 0, respectively. By changing the thickness of the insulating layer, the contact effect as well as filling rate can be controlled.
C. Ollendorff Formula
The Ollendorff formula
has been used to evaluate the macroscopic magnetic permeability μ 0 μ r of SMC [3] , [4] , where η and N are the filling rate and demagnetization factor, respectively. It has been shown that (10) is equivalent to the Clausius-Mossotti formula and the Maxwell-Garnet equation [7] . For consideration of the eddy currents induced in the iron particles in SMC, the macroscopic complex permeability is obtained by substituting the complex permeability of a magnetic cylinderμ r [7] 
to (10), where J n denotes the Bessel function of the nth order. Note that, we consider here the magnetic cylinder for comparison with the analysis mentioned in Section III-A, while the complex permeability of a magnetic sphere is given in [1] . Equations (10) and (11) give the results that are consistent with those for the cell method with square cells.
IV. NUMERICAL RESULTS
A. Effect of Filling Rate
We evaluate μ of SMC using the proposed method mentioned above. The SMC domain is assumed to be immersed in a uniform magnetic field. The relative permeability of the iron particles is assumed to be 100. The thickness of the insulating layer of the particle is varied from 0.0 to 0.6 μm. Fig. 4 shows the field distribution for different insulating layer thicknesses. The magnetic flux tends to go through the paths where the magnetic resistance is relatively small. The resultant macroscopic relative permeability of SMC models shown in Figs. 1(b) and 2 is plotted against the filling rate that is controlled by the insulation thickness shown in Fig. 5 . It is found that when the filling rate is low, the permeability computed by the present method is close to that computed by the Ollendorff formula that is valid for uniform particles without contact. The discrepancy between them increases with the filling factor. The present method gives the permeability which is close to the measured value [5] when the filling rate is about 0.85. This coincidence might not be important because the 2-D model with the assumed permeability of the iron particles is employed. What is important is that the introduction of the magnetic contact, which occurs in a stochastic way among them, results in significant changes in the macroscopic permeability. The macroscopic permeability computed by the proposed method depends on the SMC model resulted from DEM. The deviation due to the differences in particle distribution is smaller than the discrepancy between the results obtained from the proposed method and the Ollendorff formula.
B. Effect of Inhomogeneity in Particle Size
To study the effect of inhomogeneity in the SMC particle on the macroscopic permeability, an SMC model composed of uniform particles is generated using DEM. The particle radius is set to 5 μm. The magnetic field distributions for different thicknesses of the insulating layer are shown in Fig. 6 . It is found that the fluxes are rather uniform in comparison with those in Fig. 4 , although there are small disturbances from the edge effect near the domain boundary. Fig. 7 shows the comparison of the macroscopic permeability of the uniform and non-uniform SMC models. It can be seen from Fig. 7 that the non-uniform SMC model provides the larger permeability. This might be due to the fact that the average number of adjacent particles in the non-uniform model is larger than that in the uniform model.
C. Frequency Dependence
We evaluate the frequency dependence of μ of the SMC model shown in Fig. 1 using the proposed method. The SMC domain is assumed to be immersed in an alternating magnetic field of angular frequency ω. Conductivity σ is set to 10 7 [S/m]. The frequency characteristic of μ, computed from (8) , is shown in Fig. 8 , where the horizontal axis is the particle radius normalized by the skin depth. As frequency becomes higher, the real part of μ becomes smaller due to the response field effect of eddy currents. On the other hand, its imaginary part, which represents the eddy current loss, has peaks at different frequencies depending on the insulating thickness. Fig. 9 shows the magnetic fields for different frequencies when the insulating thickness is 0.2 μm. We can see from Fig. 9 that the flux concentrates near the particle surface due to the skin effect when a/δ ≥ 1. The eddy current loss computed from
is plotted for different insulating thicknesses shown in Fig. 10 . The increase in the eddy current loss is not significant when the insulating thickness is greater than 0.4 μm.
D. Anomaly Factor for Ollendorff Formula
We modify the Ollendorff formula (10) to consider the contact among particles which increases the permeability. The filling rate η in (10) is here modified to αη, where α is an anomaly factor which is determined so that μ computed from (10) coincides with that computed by the proposed method at ω = 0. Then, we calculate μ at different frequencies from (10) including the anomaly factor α. The SMC model shown in Fig. 1 with a film thickness of 0.0 μm is analyzed, where the original filling rate is 0.85. The frequency dependence obtained from the modified Ollendorff formula, where α = 1.14, and the proposed method are plotted in Fig. 11 . It can be seen that this simple method provides a good approximation. This is found to be valid for other insulating thickness.
V. CONCLUSION
In this paper, SMC is modeled using DEM considering inhomogeneity in particle size and magnetic and electrical contacts. The macroscopic permeability of SMC is evaluated through the energy-based formulation. It is found that the inhomogeneity in the particle size and possible contact among the particles can significantly increase the macroscopic permeability. Moreover, the Ollendorff formula modified with the anomaly factor gives a good approximation for the frequency characteristics. In the future, we plan to extend the proposed method to the 3-D models. Moreover, the magnetic saturation in SMC [8] , [9] will be considered.
